Results and discussion
During the study of apoptosis in sympathetic neurons, we found that nerve growth factor (NGF)-deprived neurons To demonstrate that mitochondrial elimination was widespread in the neuronal population, we immunoblotted treated with the pan caspase inhibitor Boc.Aspartyl(Omethyl)CH2F (BAF) could not be rescued by NGF, alextracts of neurons treated as described above with antibodies against COX IV, KDEL, and cyt c. The antithough apoptosis was blocked [1] . Survival was maintained for several days, but the neurons finally died in a KDEL antibody stained a single band of about 55 kDa, most likely the ER-resident protein, protein-disulfide isononapoptotic manner, which we termed limoktonia [2] . Mitochondrial DNA is eliminated in BAF-treated, NGF-deprived SCG neurons. DNA was extracted from SCG neurons treated as described in Figure 1 with the DNAce CliniPure system (Bioline) and was analyzed by PCR for the presence of mtDNA encoding cyt b and nuclear DNA encoding GAPDH. PCR products were collected after 18, 20, 22, 24, and 26 cycles and separated on an agarose gel (top four panels), and the intensity of ethidium bromide-stained bands was quantified with NIH image software and plotted as a function of the number of PCR cycles (bottom panels). Primers for the amplification of rat mtDNA encoding cyt b generate a 910 bp fragment (5Ј-TCCCCGCCCCATCTAACATCTCATC-3Ј; 5Ј-AGG ATTTGGGTGATTGGGCGGAATG-3Ј). Primers for rat genomic DNA encoding GAPDH generate a 350 bp fragment (5Ј-GCCACTCAG AAGACTGTGGATGGCC-3Ј; 5Ј-GCAATGCCAGCCCCAGCATC AAAGG-3Ј). Control, DNA from neurons maintained with NGF, or H 2 O samples were collected after 30 PCR cycles. Similar results were obtained in two additional PCR runs.
merase (PDI; Figure 1m ; [4] ). In ϪNGFϩBAF-treated neurons (ϪNGFϩBAF), cyt c was largely degraded after 1 day, but COX IV and PDI were only slightly changed
Mitochondria are selectively eliminated from SCG neurons and HeLa compared with the ϩNGF-treated cells. However, the cells after treatment with an apoptotic inducer in the presence of the pan-caspase inhibitor BAF. (a-l) Immunocytochemical analysis is transfer of ϪNGFϩBAF-treated neurons to medium conshown of neonatal rat SCG neurons cultured for 24 hr in medium containing (a,b,c) 50 ng/ml NGF, (d,e,f) lacking NGF, or (g,h,i) containing 100 M BAF but no NGF. (j, k, l) Alternatively, neurons BAF (ϩStau.ϩBAF) for 9 hr. Alternatively, cells were treated with were first cultured in medium containing 100 M BAF but no NGF staurosporine and BAF for 9 hr, washed, and returned for 3 days for 24 hr and then transferred to medium containing 50 ng/ml NGF to medium containing BAF (ϩS.ϩB.ϾϩBAF). The blot was probed for 3 days. taining NGF (ϪN.ϩB.ϾϩNGF) led to the near-complete disappearance of COX IV, while PDI was fully retained. These results confirmed that the ER protein was well preserved while the mitochondrial membrane protein was degraded. Similar results were obtained when BAF was used to inhibit apoptosis induced by cytosine arabinoside in the presence of NGF (see Supplementary material available with this article on the internet). These results showed that the selective loss of mitochondria was not specifically dependent on neurotrophin withdrawal.
To examine whether selective mitochondrial elimination also occurs in other cells, we treated HeLa cells with staurosporine in the presence of BAF for 9 hr (at which time almost all the control cells treated with staurosporine alone had died by apoptosis and most of the cyt c was released [5] ). We then removed staurosporine and left the cells to grow in the presence of BAF to prevent relapse into apoptosis. Although the cells survived for at least 10 days (data not shown), within 3 days of staurosporine removal, both COX IV and cyt c had largely disappeared, but KDEL immunoreactivity remained undiminished ( Figure 1n ; the Supplementary material shows immuncytochemical staining). Like the neurons, HeLa cells became smaller each day after treatment and eventually died. Similar results were also observed in CHO cells (see Supplementary material) These data show that mitochondrial structures and proteins are eliminated from cells but do not indicate the fate of mitochondrial DNA (mtDNA). In Plasmodium, extrachromosomal DNA from plastids can persist in the absence of photosynthetic organelles [6] . Furthermore, SCG neurons lacking mitochondria are relatively insensitive to hypoxia. mtDNA has been detected in nuclei of S. cerevisiae during Neurons were pretreated in media containing (a,b, circles in e) turnover of abnormal mitochondria and in some human 20 ng/ml NGF, (squares in e) 20 ng/ml NGF and 100 M BAF, or low-grade gliomas [7, 8] . To determine the fate of neu- cycles of PCR in ϪNGFϩBAFϾϩNGF-treated neurons in which the bulk of mitochondria had disappeared. In contrast, the amount of GAPDH DNA amplified was indistinguishable under all treatments. A four-cycle delay, a pre-symbiotic era [9] before fusion with protomitochontheoretically, means that template mtDNA was reduced dria and therefore might be more tolerant to anaerobic by 16-fold. Such a reduction suggests that mtDNA was environments. To test this hypothesis, we transferred degraded together with the mitochondria.
neurons with or without mitochondria to normoxic or anaerobic environments and examined their survival. Neurons containing intact mitochondria (ϩNGF or These findings indicate that the aftermath of a persistent caspase blockade during apoptotic signaling may be a ϩNGFϩBAF) started to die within 1 day in the anaerobic chamber, and 60% had died within 2 days (Figure 3a,b,e) . period of cell life without mitochondria. Cells without mitochondria may be likened to primitive host cells from
In contrast, the death rate of neurons without mitochon- dria (ϪNGFϩBAF) (Figure 3c, d) was not enhanced by the anaerobic conditions (Figure 3e ). Thus, cells without mitochondria are much more tolerant to hypoxic insults.
How might mitochondrial loss be prevented? In most cells, mitochondrial permeability changes follow an exposure to apoptotic stimuli [10, 11] , which cause the release of cyt c and other pro-apoptotic proteins. The anti-apoptotic proteins Bcl-2 and Bcl-xL can prevent these changes [12] . To investigate whether mitochondrial elimination was prevented by Bcl-2, we overexpressed Bcl-2 in the neurons by using an adenoviral vector [13] , deprived the neurons of NGF for 3 days (until all the uninfected neurons deprived of NGF had died by apoptosis) and then added NGF for 3 days. Bcl-2 not only significantly delayed cell death induced by NGF deprivation [13] but also prevented mitochondrial elimination (see electron micrographs in Supplementary material). Immunoblots show that Bcl-2 blocked the disappearance of cyt c and COX IV compared to control neurons (Wt) (Figure 4a ). Since we have shown that Bcl-2 overexpression does not block apoptotic signaling [13] , it appears that apoptotic signals alone are not sufficient to trigger mitochondrial removal.
Hence, some signals from the mitochondria are necessary to activate their removal.
What kind of signals lead to mitochondrial elimination, and how is this process achieved? It is unlikely that deficiencies in electron transport chain function or mtDNA trigger mitochondrial removal since numerous cell lines that lack both (rho0 cells) still retain their mitochondria the degradation of cyt c (Figure 4b ). This finding suggests that autophagy may be involved in mitochondrial removal. Whether autophagy is the only mechanism that removes mitochondria remains to be elucidated. to remove their mitochondria in a highly specific and regulated manner without affecting any other organelles. The stimulus for this removal is provided by an induction We have described a phenomenon of significant biological and medical interest -the capacity of eukaryotic cells apoptosis in the presence of caspase inhibitors, it is com- under hypoxia, but they are ultimately incapable of reInhibition of autophagy abrogates tumour necrosis factor a induced apoptosis in human T-lymphoblastic leukaemic covery. 
